Recent studies in this laboratory1' 2 have shown that in Escherichia coli cells treated with actinomycin D or with puromycin, or starved for the carbon source or for a required amino acid, the products of polyribosome runoff accumulate as free 70S ribosomes, while the level of ribosomal subunits remains essentially constant. This finding led to the inference that the dissociation step in the ribosome cycle requires stoichiometric complexing with a dissociation factor (DF), whose limited quantity in the cell limits the concentration of subunits.
Recent studies in this laboratory1' 2 have shown that in Escherichia coli cells treated with actinomycin D or with puromycin, or starved for the carbon source or for a required amino acid, the products of polyribosome runoff accumulate as free 70S ribosomes, while the level of ribosomal subunits remains essentially constant. This finding led to the inference that the dissociation step in the ribosome cycle requires stoichiometric complexing with a dissociation factor (DF), whose limited quantity in the cell limits the concentration of subunits.
Since initiation of polypeptide synthesis requires dissociation of ribosomes3 to yield an initiating 30S subunit,4' I it follows that any factor required for dissociation would be, by definition, an initiation factor. It therefore seemed relevant that the total set of initiation factors, initially extracted with 1 M NH4C1 from the ribosomal pellet,6 was subsequently reported to reside almost exclusively in the "native" 30S fraction,7 or in a less defined fraction that also sediments more slowly than 70S ribosomes.8 These considerations led us to expect that the postulated DF would be found principally in the native 30S fraction. This paper will show that such a factor can indeed be extracted from the native 30S fraction, but is not to be found in the other ribosomal fractions of E. coli. Evidence is presented that the DF is a protein, that it causes rapid dissociation of ribosomes, and that the reaction is stoichiometric rather than catalytic.
Materials and Methods.-Preparation of dissociation factor: Cells of E. coli B or K12, grown with aeration at 37°C in broth (1% tryptone, 0.1% yeast extract, 0.2% glucose, 0.5% NaCl), were harvested in late log phase. The cells were extracted in TKM buffer (10 mM Tris-HCl, pH 7.8, 60 mM KCl, 5 mM MgAc2), either by grinding with alumina followed by treatment with 2 ,g/ml DNase, or by passage twice through a French pressure cell at 7,000 psi. To recover the total ribosomes, the extract from 10 gm of cells was clarified by centrifugation at 30,000 g for 30 min, and then the supernatant was spun at 220,000 X g (50,000 rpm in Spinco 50 Ti rotor) for 3 hr. The pellet, together with the bottom one tenth of the supernatant, was collected, dissolved in TKM buffer, brought to 1 M in NH4Cl (using 3 Ml NH4Cl solution with 5 mM MgAc2, adjusted to pH 7.4), and kept overnight in ice. The solution was then centrifuged at 220,000 g for 5 hr and the top nine tenths of the supernatant was carefully aspirated. The material precipitat ng between 30 and 70% saturated ammonium sulfate was dissolved in TKM buffer and dialyzed overnight at 00 against the same buffer; it is designated as DF-I (3 ml; 22 OD2s units/ml).
Free 70S ribosomes from starved cells: In order to prepare free 70S ribosomes1 2 for assaying DF, E. coli B cells were harvested in the early log phase of growth in 0.2% glucose-minimal medium9 and were further incubated without carbon source for 30 min. The culture was poured onto ice and the cells were collected by centrifugation and broken in a French pressure cell. The 70S ribosomes were isolated by centrifugation in a sucrose gradient (10-30%), dialyzed for 4 hr against TKM buffer, and then pelleted at 140,000 g for 2 hr and dissolved in TKM buffer. This solution was stored at 00 for periods of up to 2 weeks; within this time the background dissociation did not increase appreciably. Fig. 1 ) was obtained from the ribosomal pellet of exponentially growing cells of E. coli by extraction with 1.0 M NH4Cl, followed by further treatment as described in Materials and Methods; this preparation was free of ribosomal particles ( Fig. 1 ). Various amounts were incubated for 15 minutes at 30°with free 70S ribosomes. Zonal sedimentation showed that increasing amounts of DF-I caused increasing dissociation of the ribosomes into their subunits (Fig. 1) . One hundred Al, however, did not produce much more dissociation than 50 Al, although dissociation was not complete with either. This finding could indicate that the equilibrium of DF and ribosomes has a relatively low affinity constant; or the 70S preparation might contain a small number of nondissociable ribosomes (presumably fragmented polysomes).
It will be noted that the 70S ribosome preparation without DF contained a small proportion of subunits; these appear to have been largely produced by dilution of the stock ribosome solution into the incubation mixture. If dithiothreitol (or mercaptoethanol) was omitted, some further spontaneous dissociation occurred during the incubation.
The DF-ribosome mixtures evidently reached equilibrium under the conditions employed, since a sample (with 50 Ml of DF-I) withdrawn and chilled at 4 minutes gave the same pattern as samples taken at 8 and 15 minutes. A control experiment showed that at 00 DF produced much less dissociation, even when incubated for 100 minutes.
Competition of Mg++ with DF: The amount of dissdociation produced by a given amount of DF was found to fall off sharply with increasing Mg++ concentration, in the range of 5-20 mM\1 (Fig. 2) . It therefore appears that either the various components present are in an equilibrium in which DF is not very tightly bound to the 30S subunit, or bound DF is less effective at the higher Mg++ concentrations. Distribution of DF: As was noted in the introduction, previous reports on the distribution of initiation factors suggested that most of the DF in extracts would be found attached to the 30S subunits. This expectation was realized, as is shown in Figure 3 : substantial DF activity was found in an extract of the native 30S fraction (Ext-III), but none could be detected in an extract of the free 70S fraction (Ext-I); and though the extract of the 50S preparation (Ext-II) had some activity (15%7 of that obtained from an equal weight of 30S particles), it could be accounted for by the contamination of this preparation with 30S particles (Fig. 3A) . It should also be mentioned that no DF activity could be detected in the top half of the 2 hr-140,000 X g supernate of the cell extract.
It may be noted that the ratio of DF activity to protein is several times higher in Ext-III than in DF-I (Fig. 1) ; the latter preparation is heavily contaminated with supernatant proteins.
Reassociation of subunits: The apparent equilibrium between DF, ribos9mes and their subunits, and Mg++ suggested that when "native" 30S subunits are freed of DF by NH4Cl extraction they should be able to associate again with native 50S subunits: yet we failed to detect any reassociation after incubation either at 00 or at 350 for periods up to two hours, in the presence of Mg++ up to 25 ml\I and with or without 2.5 mM spermine. However, the significance of this negative finding is not clear, for "derived" 30S and 50S subunits, obtained by zonal sedimentation of ribosomes in 0.3 mM1 Mg++, also failed to reassociate under these conditions. Protein nature of DF: The method of extraction of DF, which is known to extract protein but not RNA from ribosomes, suggested that it is a protein, as did also our finding that it can be concentrated by (NH4)2SO4 precipitation followed by dialysis. More direct evidence is provided in Figure 4 , which shows that DF activity was destroyed by treatment with crystalline trypsin and was protected by trypsin inhibitor. E. coli cells contain a ribosome dissociation factor (DF). This factor, extracted by 1 M NH4Cl from the native 30S fraction, was shown to be a protein and to cause rapid dissociation of free 70S particles. Its relationship to the known initiation factors of polypeptide synthesis remains to be established. Since DF was both obtained from and tested with particles that had been separated from supernatant proteins and metabolites by sedimentation through a sucrose gradient, the dissociation reaction does not appear to require a source of energy. But whatever the mechanism of the reaction, it is clear that DF acts on ribosomes in a stoichiometric rather than in a catalytic manner. Thus, with limiting amounts of DF, at 300C, the degree of dissociation observed in the earliest sample taken (4 min) did not increase on'further incubation. Moreover, if DF acted catalytically, the amount recovered from a given number of native 30S particles might be able to dissociate more than an equivalent number of 70S particles, but in fact much less than the equivalent number was dissociated preparation from 30S subunits (Ext-III), containing about 2.0-ODm units of protein per ml, was treated with 10 pg of trypsin (2 X cryst., Worthington) at 300 for 30 min. The trypsin was then inactivated by addition of 100 pg of soybean trypsin inhibitor (cryst., Worthington), and the residual DF activity was assayed with 1.0 ODm unit of 70S ribosomes as in Fig. 1 .
In the otherwise identical control experiment the trypsin inhibitor was added before the trypsin.
(the nonequivalence presumably reflecting losses of DF during preparation). Finally, the demonstration that DF is present in extracts largely in the native 30S subunits supports the earlier inference' that the stability of these subunits in the cell depends on this complex.
Increasing Mg++ concentrations were found to decrease the response of 70S particles to DF. It therefore seems possible that DF is not quantitatively bound but is in equilibrium with ribosomes, their subunits, and Mg++. Such an equilibrium should be by definition reversible; yet we have not been able to obtain reassociation of 50S subunits with "native" 30S subunits whose DF had been extracted by NH4C1, or with "derived" 30S subunits obtained by exposure of ribosomes to a low Mg++ concentration. The treatments used, of course, may have altered the subunits. Further work on this problem, and on the kinetics of dissociation, is in progress. Incidentally, DF could not act by binding free Mg++ since, before it was tested, it had been dialyzed against Mg++-containing TKM buffer.
We must consider whether dissociation by DF is a nonspecific or a physiologically significant reaction: for the free 708 ribosome is not as stable as the polysomal ribosome,2 and its dissociation can be promoted by various nonspecific factors, including not only a low Mg++ concentration but also a hypertonic growth medium1 and treatment with sulfhydryl reagents.10 In this respect it is highly relevant that DF is recovered from the native 30S particles and not from the 70S particles, even though the latter contain a 30S moiety. This finding points strongly to a cycle in which DF is specifically attached to and stabilizes a 30S subunit and then becomes detached as this subunit is converted into a 70S unit on the polysome. Moreover, the initial in vivo evidence for the existence and function of DF,1 together with the present demonstration of its distribution and action in vitro, provides a coherent model for the ribosome-polysome cycle, in VOL. 61, 1968 which a small DF cycle engages with the larger ribosome cycle (Fig. 5 ). An uncertain feature of this model, under present study, is whether the release of free DF occurs when the 30S particle forms an initiating complex with mRNA and F-met-tRNA, or only later, when the addition of a 50S subunit converts the initiating complex into a polysomal ribosome.
Since an increase in Mg++ concentration inhibits the formation of the initiating 30S-DF particle, it probably has an opposite effect on the subsequent release of DF, which is equally required for the DF cycle. It therefore seems possible that the disturbing variability of the Mg++ optimum in experiments on polypeptide initiation" can be explained in terms of variation in the concentration of DF present. Recognition of the role of DF in the ribosome-polysome cycle should facilitate analysis of the function of other protein factors involved in this cycle. Moreover, of all the configurational shifts that the ribosome undergoes in various parts of its cycle, the one produced by the action of DF on the 30S subunit may be the easiest to study, since it involves the fewest components. Such a study is planned.
Summary.-A crude preparation of initiation factors from E. coli is shown to contain a protein factor that causes rapid dissociation of free 70S ribosomes. This dissociation factor (DF) is found in extracts of the native 30S fraction but not of the other ribosomal fractions. The effect of DF is antagonized by increasing concentrations of Mg++. These findings -support a model of the polysome cycle in which DF splits the free 70S runoff ribosome by complexing with its 30S moiety, and then is cyclically released at a subsequent stage in the formation of a polysomal ribosome. PROC. N. A. S. 766 
